Melatonin is an indolamine mostly produced in the pineal gland, soluble in water, and highly lipophilic, which allows it to readily cross the blood-brain barrier. Melatonin possesses antioxidant properties and its long-term administration in rodents has not been found to cause noteworthy side effects. In the present work, we found that millimolar concentrations of this indolamine reduced cell growth of C6 glioma cells by 70% after 72 hours of treatment, inhibiting cell progression from G 1 to S phase of the cell cycle. Intraperitoneal administration of 15 mg/kg body weight of melatonin to rats previously injected in the flank with C6 glioma cells reduces tumor growth by 50% 2 weeks after the implant. Inhibition of cell growth does not depend on melatonin membrane receptor activation whereas it seemingly relates to the reduction of intracellular basal free radical levels by 30%. Increase of basal redox state of the cells and constitutive activation of tyrosine kinase receptor [receptor tyrosine kinase (RTK)] pathways, including the extracellular signal-regulated kinase 1/2 (ERK1/2) and the Akt and protein kinase C (PKC) signaling pathways, contribute to the progression of the gliomas leading to the constitutive activation of the redox-dependent survival transcription factor nuclear factor KB (NF-KB). The antioxidant effect of melatonin in C6 cells is associated to inhibition of NF-KB and Akt, but not of ERK1/2. The antiproliferative effect of the indolamine on these cells is partially abolished when coincubated with the PKC activator 12-O-tetradecanoylphorbol-13-acetate, thus indicating that the ability of melatonin to change cellular redox state may be inactivating the pathway RTK/PKC/ Akt/NF-KB. (Cancer Res 2006; 66(2): 1081-8) 
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Introduction
Besides the advances made in cancer therapy in the past decades, patient survival from malignant gliomas still remains lower than 1 year as chemotherapy is unable to substantially change prognosis (1) . This may be due to several causes: low specificity of most chemotherapeutic agents against gliomas, chemoresistance of central nervous system tumors, low tolerance of brain tissue to chemotherapy toxicity, and difficult access of most antitumoral agents to brain tissue. Hematologic toxicity is also dose-limiting even to newest class of chemotherapeutic agents (2) .
Melatonin is an indolamine mostly synthesized in the pineal gland although enzymes for its synthesis are widespread. It is soluble in water and is also highly lipophilic, which allows it to readily cross the blood-brain barrier. Most of the studies on its effects have classically addressed the regulation of circadian rhythms and seasonal reproduction in rodents, which in all cases take place in the nanomolar range (reviewed in ref. 3) . Melatonin binds to membrane receptors coupled to several G proteins which activate in the nanomolar range as well (reviewed in ref. 4) .
Reports on new properties of melatonin have been made through the last decade. One of the findings that has received most of the attention relates to the antioxidant abilities that could either be directly scavenging free radicals at high (millimolar) concentrations or increasing the activity and expression of antioxidant enzymes at low (nanomolar) concentrations (reviewed in ref. 5 ).
In vivo long-term experiments in rodents have proved the lack of any noteworthy side effect and also showed some protection exerted by the indole against several degenerative events occurring with aging, including the incidence of malignant tumors (6, 7) .
Melatonin inhibition of cell growth and invasive and metastasic properties in tumoral cell cultures, mainly endocrine tumors, has been previously reported at nanomolar concentrations (8) (9) (10) . During the last 2 years, also reduction of tumor cell proliferation and induction of cell differentiation effects have been showed using millimolar concentrations of melatonin (11, 12) . Furthermore, several reports exist accounting for in vivo melatonin decrease of tumor growth (13, 14) . Mechanisms involving antitumoral properties of melatonin have been addressed by several groups although no definite intracellular pathway has been described to explain its antineoplasic effects. Estrogen or androgen receptor regulation by melatonin has been shown to be involved in the case of breast or prostate cancer cells, respectively (15, 16) ; suppression of tumor fatty acid uptake and metabolism was implicated in the protection against hepatoma cancer cell proliferation (13) ; and the antioxidant effects have been suggested to be involved in the antitumoral effects of millimolar concentrations of melatonin (11, 12) .
A previous report described an increase in glioma patient survival by a radioneuroendocrine strategy using radiotherapy plus melatonin compared with radiotherapy alone (17) . As far as the authors know, there are no studies on antitumoral action of melatonin on malignant glial tumor cells either in vitro or in animal experimental models. In the present work, we show that melatonin, at millimolar concentrations, inhibits glioma cell proliferation as well as in vivo tumor growth. We also found that antioxidant properties of melatonin are likely responsible for its antitumoral ability on these cells. mixture containing 10,000 units penicillin, 10 mg streptomycin, and 25 Ag amphotericin. Cells were maintained at 37jC in a 5% CO 2 atmosphere. For all the experiments, cells were seeded at a density of 20,000/cm 2 . Cell culture reagents were from Sigma Chemical Co. (St. Louis, MO), except for FBS, which was purchased from Invitrogen Life Technologies (Barcelona, Spain). Culture flasks and dishes (Falcon) were acquired from Becton Dickinson BioScience (Le Pont de Claix, France). Melatonin was from Sigma-Aldrich (Milwaukee, WI). Double-stranded oligonucleotides having a nuclear factor nB (NF-nB) and activator protein 1 (AP-1) consensus sequence were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). All other reagents were purchased from Sigma unless otherwise indicated.
Cell proliferation assays. For the trypan blue exclusion assay, cells were plated on 60-mm plates. After treatments, cells were harvested by trypsinization, stained with trypan blue solution (0.04% w/v), and counted in a NEUBAUER hemocytometer chamber (Sigma-Aldrich, St. Louis, MO). The number of total cells as well as the percentage of viable cells was estimated.
For lactate dehydrogenase (LDH) assay, cells were plated on 24-well plates. After treatments, determination of total and released LDH activity was undertaken following the specifications of In vitro Toxicology Assay Kit LDH based Tox-7 (Sigma-Aldrich, St. Louis, MO). Absorbance at 490 nm was determined in an automatic microplate reader (AQuant, Bio-Tek Instruments, Inc., Winooski, VT). Cell viability is represented by ratio between released and total LDH activity and cell number is represented by percentage of total LDH activity versus the control group.
Flow cytometry analysis of cell cycle distribution. For fluorescentactivated cell sorting analysis, C6 cells were seeded in 60-mm plates. After incubation with 1 mmol/L melatonin during 48 hours, cells were harvested by trypsinization. A trypsin inhibitor (0.05%) plus RNase A (100 Ag/mL) solution was added afterwards and kept for 10 minutes. Finally, samples were stained with propidium iodide (0.005%) for 10 minutes in the dark. A Beckman Coulter FC500 flow cytometer (Beckton Dickinson) was used for counting 2 Â 10 4 cells per sample. Analysis of cell cycle distribution was carried out using the software ModFit ver 5.2 (Verity Software House, Topsham, ME).
Tumor growth in rats. Flow cytometry analysis of intracellular free radicals. Intracellular production of reactive oxygen species (ROS) was evaluated by using the fluorescent probe 6-carboxy-2V,7V-dichlorodihydrofluorescein diacetate (DCFH-DA). Cells were seeded in 60-mm plates. After 24 to 48 hours of treatment with 1 mmol/L melatonin, cells were incubated with 10 Amol/L DCFH-DA in serum-free medium during 15 minutes at 37jC in the dark. Afterwards, pellets were resuspended in 500 AL of PBS and 10 AL of a 50 Ag/mL propidium iodide solution were added to each tube and incubated for 10 minutes at room temperature in the dark. After shaking, DCF fluorescence of 10,000 alive cells per group (cells without propidium iodide uptake) was measured in a Beckman Coulter FC500 flow cytometer (Beckton Dickinson).
NF-KB and AP-1 DNA-binding assay. To determine NF-nB and AP-1 activation, electrophoretic mobility shift assays (EMSA) were carried out. Nuclear extracts prepared from melatonin-treated cells were obtained following the method described by Dignam et al. (18) . Oligonucleotide probes containing the consensus sequence for NF-nB and AP-1 response elements (Santa Cruz Biotechnology) were labeled with [a-32 P]ATP (3,000 Ci/mmol) using T4 polynucleotide kinase 5V -end labeling kit (Amersham Life Science, Buckinghamshire, United Kingdom). Ten micrograms per sample of nuclear extracts were incubated on ice for 30 minutes with 0.4 ng of the labeled oligonucleotide. To reduce nonspecific binding of proteins to the radiolabeled DNA fragment, 1 Ag of poly(deoxyinosinic-deoxycytidylic acid) was added. The specificity of binding was determined by competition with the unlabeled oligonucleotide (100-fold excess). Protein-DNA complexes were resolved on 6% nondenaturing polyacrylamide gels at 250 V for 1.5 hours in Tris-borate EDTA. Gels were dried and exposed to Kodak Biomax X-Ray film.
Intracellular glutathione measurement. Glutathione (GSH) was acid extracted incubating the cells with 6% metaphosphoric acid. For GSH determination, 100 AL of acid extract per sample were incubated for 5 minutes at 25jC with the reaction mixture containing 5 mmol/L EDTA, 0.5 mmol/L 5,5V-dithiobis-(2-nitrobenzoic acid), and 0.4 mmol/L NADPH in 0.1 mmol/L phosphate buffer (pH 7.4). The reaction was started by adding 2 units of glutathione reductase and the formation of 2-nitro-5-thiobenzoic acid was followed by measuring its corresponding benzoate at 412 nm in an automatic microplate reader (AQuant, Bio-Tek Instruments). The total concentration of GSH was determined from a standard curve obtained with known amounts of GSH.
Antioxidant enzyme activities. To measure glutathione peroxidase activity, 100 Ag of total proteins per sample were mixed with the reaction mixture containing 1 mmol/L GSH, 250 nmol/L NADPH, and 1 unit of glutathione reductase in 50 mmol/L potassium phosphate. The reaction was started by adding 10 AL of 30 mmol/L tert-butylhydroperoxide. NADPH consumption was recorded at 340 nm for 3 minutes in an automatic microplate reader (AQuant, Bio-Tek Instruments). Glutathione peroxidase units were determined from a standard curve carried out with known amounts of glutathione peroxidase.
Superoxide dismutase (SOD) activity was measured using an assay based on the prevention of h-mercaptoethanol-induced NADPH oxidation by SOD activity. Thirty micrograms of total proteins per sample were mixed with the reaction mixture containing 300 nmol/L NADPH, 3 mmol/ L EDTA, and 1.5 mmol/L MnCl 2 in TDB buffer until the addition of 20 AL of 10 mmol/L h-mercaptoethanol. NADPH consumption was recorded in a microplate reader (AQuant, Bio-Tek Instruments) at 340 nm for 30 minutes. One enzymatic unit is the amount of enzyme that reduced 50% the h-mercaptoethanol-induced decay in NADPH absorbance at 340 nm.
Western blot. For protein expression analysis, cells were seeded on 100-mm plates. After the treatments, cells were lysed with ice-cold lysis buffer (150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1%v/v Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L h-glycerophosphate, 1 mmol/L Na 3 VO 4 , 1 Ag/mL leupeptin, 10 nmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, 20 mmol/L Tris-HCl pH 7.5). Fifty micrograms of total proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Amersham Bioscience). Blots were incubated with appropriate antibodies raised against either the phosphorylated or unphosphorylatd form of extracellular signal-regulated kinase [ERK; anti-phospho p42/44 (1:1,000) and anti-p42/44 (1:1,000), Cell Signaling Technology, Beverly, CA] and against the phosphorylated form of Akt, which recognizes all the Akt isoforms [anti-phospho Akt (1:500), BD PharMingen, San Diego, CA], and glyceraldehyde-3-phosphate dehydrogenase [anti-GAPDH (1:100), Santa Cruz Biotechnology]. Immunoreactive polypeptide was visualized using horseradish peroxidase-conjugated secondary antibodies [anti-rabbit immunoglobulin G (IgG) peroxidase conjugated and anti-mouse IgG peroxidase (1:2,000), Calbiochem, San Diego, CA] and enhanced chemiluminescence detection reagents (Amersham Bioscience) following manufacturer-supplied protocols.
Data analysis. Experiments were repeated at least thrice and data were calculated as means F SE. Statistical comparisons were carried out using one-way ANOVA followed by a Student-Newman-Keuls multiple range test. Statistical significance was accepted when P < 0.05.
Results
Inhibition of C6 glioma cells proliferation in vitro and in vivo. Several concentrations of melatonin were assayed to study its ability in reducing cell proliferation in C6 rat glioma cells. From the concentrations assayed, only 1 mmol/L melatonin reduced cell growth (Fig. 1A) . This concentration of the indolamine trimmed C6 growth by 50% at 48 hours and by 70% at 72 hours (Fig. 1B) . Nanomolar concentrations-most efficient in other cancer cell lines (7)-had no effect under our experimental conditions. This indicates that 1 mmol/L melatonin inhibits cell progression from G 1 to S phase, thus causing G 1 arrest.
To evaluate the effect of melatonin in vivo, C6 glioma cells were implanted in the flank of two groups of Wistar rats. Rats were injected daily with 15 mg/kg body weight of melatonin or the vehicle from the 5th day after the C6 implant. Tumor growth was measured every 3 days and was found to be significantly reduced on the 11th day after the implant as compared with the control group. This reduction was 50% 14 days after the beginning of the experiment (Fig. 1C) .
Inhibition of cell proliferation is not mediated by G-coupled membrane melatonin receptors. Melatonin binds to G-coupled pertussis toxin-sensitive membrane receptors. Their activation has been reported to be involved in melatonin antiproliferative properties in human breast cancer (19) . To evaluate whether the membrane receptor-coupled signaling cascade was involved in the growth inhibition effects of melatonin in glioma cells, we assayed the effect of several melatonin antagonists. Both the general Gcoupled receptor inhibitor pertussis toxin (200 ng/mL) and the membrane melatonin antagonist luzindole (10 Amol/L) failed to prevent the antiproliferative efficacy of melatonin (Fig. 2) . This indicates that cell growth arrest induced by this compound in C6 glioma cells is independent of G-coupled receptors.
Melatonin decreases intracellular free radicals. Melatonin has been shown to be an efficient free radical scavenger in vitro (5). Furthermore, prevention of induced intracellular increase of free radicals has also been reported for this molecule (20) . Evidence of the close relationship between changes in cellular redox state and its growth has been found (21) and ROS clearly behave as second messengers of extracellular stimuli that trigger cellular signaling pathways (22) . Similarly, it has been reported the involvement of ROS in cancer (23) with a neat ROS production by cancer cells (24) . To evaluate the possible involvement of the antioxidant effect of melatonin on its antiproliferative properties, we measured intracellular free radicals by flow cytometry. Low concentrations of melatonin (1 nmol/L-10 Amol/L) were not able to decrease DCF fluorescence but 1 mmol/L melatonin decreased by 30% intracellular basal free radical levels (Fig. 3A) .
Some other indirect antioxidant properties of melatonin, such as increase of g-glutamyl synthase expression leading to a total GSH increase (25) and the expression and activity increase of antioxidant enzymes (26, 27), had previously been described. To elucidate if these antioxidant effects of melatonin could be involved in the decrease of intracellular free radicals and the growth inhibition of C6 glioma cells, we measured both total GSH levels and antioxidant enzymes activity. When total GSH levels were analyzed, an increase of a 67% was observed (Fig. 3B) . No changes were found in the antioxidant enzyme SOD (data not shown) whereas an increase of 60% in the activity of the antioxidant enzyme glutathione peroxidase was seen (Fig. 3B) .
To determine if the increase in GSH, a major intracellular antioxidant, is responsible for the antiproliferative and antioxidant effects of melatonin in C6 cells, buthionine sulfoximine (BSO), an inhibitor of g-glutamyl cysteine synthethase, the rate limiting enzyme of the GSH synthesis, was given 12 hours before melatonin and maintained in the culture until cells were collected. BSO administration avoided the increase in GSH induced by melatonin (data not shown) but failed to prevent the inhibition of cell proliferation or to decrease free radicals ( Fig. 3C and D) , indicating that melatonin GSH increase is independent of the intracellular antioxidant and antiproliferative effects. These data also suggest that the increase in the activity of the antioxidant enzyme glutathione peroxidase is not involved in these melatonin effects because it would need GSH as a substrate and the lack of GSH does not affect melatonin actions in C6 cells.
The antioxidant N-acetyl cysteine, but not the antioxidant Trolox, reduces intracellular free radicals and inhibits C6 glioma cells proliferation. N-Acetyl cysteine (NAC) has been shown to inhibit cell proliferation due to its antioxidant properties (28) . To support the hypothesis that melatonin inhibition of cell growth may be mediated by its antioxidant effects, cells were treated with other known antioxidants, NAC (20 mmol/L) and Trolox (100 Amol/L). NAC inhibited cell proliferation similarly to melatonin, inducing a decrease on the cell number of roughly >60%. On the other hand, Trolox did not inhibit cell growth in C6 glioma cells (Fig. 4A) .
When intracellular peroxides were assayed with the fluorescent dye DCFH-DA, we found that NAC decreased free radicals by 40% whereas Trolox failed to show any significant effect (Fig. 4B) , thus indicating that, at least for the tested antioxidants, only the one that could reduce C6 cells intracellular free radicals had the ability to decrease their growth.
Melatonin and NAC, but not Trolox, inhibit NF-KB constitutive activation. Among the several transcription factors regulated by the oxidative status of the cells, the most widely studied are NF-nB and AP-1. These factors have been reported to be involved in the regulation of major cell processes such as growth, differentiation, and death (29) . Melatonin has been shown to regulate NF-nB and AP-1 activation in other experimental models (25, 30) . Given the direct link between cellular oxidative status and activation of these transcription factors and considering the effect of melatonin on basal intracellular free radicals, we evaluated the effect of the indolamine on the activation of NF-nB and AP-1.
C-6 cells show basal activation of both NF-nB and AP-1 transcription factors and 1 mmol/L melatonin inhibits NF-nB activation, showing no effects on the basal activation of AP-1 (Fig. 5A) . When the NF-nB inhibitor parthenolide was used on C6 rat glioma cells, the effects on cell proliferation closely resembled those obtained with melatonin, producing a decrease in the number of cells without inducing cell death (Fig. 5B) .
Studies on the regulation by other antioxidants of the redoxdependent transcription factors mentioned above showed that 20 mmol/L NAC partially inhibits basal activation of NF-nB whereas the vitamin E analogue Trolox failed to do this (Fig. 5C) .
Inhibition of Akt, but not of ERK1/2, is involved in inhibition of cell proliferation by melatonin. Malignant progression of gliomas usually implies activation of receptor tyrosine kinases (RTK) and the intracellular pathways activated by these receptors (Fig. 5D; reviewed in ref. 31) . These include mitogen-activated protein kinases (MAPK) and phosphoinositol 3-kinase (PI3K)/Akt pathways. RTKs are also involved in the activation of protein kinase C (PKC) via phospholipase C or PI3K, which has been shown to increase Akt activation (32) and cell proliferation of gliomas (33) . All the three kinases, RTKs, MAPK and PKC, may be activated by ROS and inhibited by antioxidants (34) (35) (36) . To find out if the inhibition of those intracellular pathways could have any antiproliferative effect in our experimental model, we used inhibitors of ERK1/2 and PKC pathways: PD98059 and calphostin C, respectively. We found that both inhibitors decrease cell growth rate (Fig. 6A) and NF-nB DNA binding (Fig. 6B) similarly to melatonin. To clarify if PKC inhibition could be involved in the antiproliferative effect of the neurohormone, the cells were coincubated with melatonin and the PKC activator 12-O-tetradecanoylphorbol-13-acetate (TPA). We found that activation of PKC by TPA partially prevented the decrease of cell growth induced by melatonin (Fig. 6C) . Western blots using the antibodies against the phosphorylated and nonphosphorylated forms of Akt and ERK1/2 show an inhibition of Akt phosphorylation by melatonin whereas no regulation of the MAPK was observed (Fig. 6D) .
Discussion
In the present study, we show that the antioxidant indolamine melatonin inhibits growth of C6 rat glioma cells in both cell culture and in vivo. We show that this inhibition is associated with a decrease in basal levels of intracellular free radicals and inhibition of the redox-sensitive NF-nB transcription factor constitutive activation, which in our experimental model seem to be necessary for the said cell growth arrest by antioxidants. Finally, we also show that NF-nB inhibition is associated with the blocking by melatonin of the Akt constitutive phosphorylation whereas activation of PKC by TPA partially prevents melatonin antiproliferative effect. Taken all together, these data suggest that the antioxidant effect of melatonin, blocking the RTK/Akt/NF-nB pathway, is playing an important role in the antiproliferative effect of this indolamine in C6 rat glioma cells.
Melatonin possesses membrane receptors coupled to pertussis toxin-sensitive G proteins, previously reported to be involved in the inhibition of cell proliferation of MCF7 breast cancer cells (19) . Melatonin membrane receptor K d is in the nanomolar range, the same concentration shown by Vanecek (4) to be effective in reducing cell growth. Although such low concentrations of melatonin do not have any significant effect on C6 glioma cells, experiments were undertaken to elucidate the possible mediation of its membrane receptors in the antiproliferative effect of high doses of melatonin on these cells. Such experiments included cotreatment of the indole with pertussis toxin as well as the membrane receptor antagonist luzindole. The results indicate that binding to its membrane receptors does not seem to mediate melatonin inhibition of cell proliferation in C6 cells.
Antioxidant properties of this indolamine have also been widely reported (reviewed in ref. 5 ). The involvement of oxidative stress in tumor promotion and progression has been previously proposed (23) and several types of cancer cells display higher levels of free radicals than normal cells (24) . Effects of other antioxidants on tumor cell proliferation have been described before. NAC has been shown to delay the progression from G 0 -G 1 to S phase of the cell cycle as well as inhibit tumor cell proliferation (28) . The involved mechanism, as suggested by the authors, relates to the ability of NAC to change cellular redox state. We showed that melatonin is able to decrease intracellular free radicals in C6 glioma cells roughly by 30%. Nevertheless, it is not clear how the intracellular redox state could decrease such cell proliferation rate. There are several transcription factors involved in cell growth and death that may be activated by ROS through distinct intracellular pathways (reviewed in ref. 29) , inhibited by antioxidants (37) , and previously reported to be constitutively activated in cancer cells (38) . Among these, NF-nB and AP-1 are by far the most widely studied.
NF-nB activation induces the expression of cell cycle regulators, such as cyclin D1, and promotes transformation (39) . This transcription factor is involved in cell growth and tumorigenesis. Inhibition of its constitutive expression in tumoral cells has been shown to decrease cell proliferation (40) . Wang et al. (41) reported NF-nB overexpression and constitutive activation in human diffuse gliomas but not in astrocytes or oligodendrocytes from normal brain or cerebellum. They also found a positive correlation between NF-nB activation and glioma histologic grade. On the other hand, NF-nB activation has been linked to chemoresistance whereas inhibition of NF-nB improves the efficiency of chemotherapy and radiotherapy (42) and new therapeutic strategies to inhibit NF-nB are being studied. Melatonin has been shown to inhibit tumor cell proliferation although the intracellular pathways involved in the cases studied were rather related to steroid receptors or fatty acid metabolism regulation (8, 13) . However, inhibition of NF-nB by melatonin has been previously reported in other experimental models that show how melatonin prevents NF-nB activation by oxidative stress (43) . In our study, we found that 1 mmol/L melatonin is not only able to reduce ROS but also inhibits constitutive activation of NF-nB on C6 glioma cells without showing any effect on the DNA-binding activity of AP-1, the other oxidative stressregulated transcription factor studied. Inhibition of NF-nB, on the other hand, seems to be a sufficient condition to inhibit C6 glioma cell proliferation because the NF-nB inhibitor parthenolide shows the same effect on C6 cell growth than melatonin does. The antioxidant NAC, which also decreased intracellular ROS and cell growth, has been previously reported to inhibit NF-nB DNA binding activity (44) . In the present work, its role in C6 glioma cells has been confirmed. However, Trolox, which does not decrease intracellular peroxides or cell growth in the present experimental model, was also unable to inhibit NF-nB activation.
Activation of NF-nB transcription factor may be triggered by several pathways, including the activation of RTKs (31) . As a result of the stimulation of these receptors, several intracellular signaling pathways are started, particularly those involving MAPK, PI3K/Akt, and PKC. They all may be additionally phosphorylated directly by ROS (45) (46) (47) and are able to activate NF-nB ( Fig. 5D ; refs. 44, 48, 49) . Our data show that ERK1/2 is not regulated by melatonin in C6 glioma cells, which clearly discards its implication on the neurohormone antiproliferative effects. The fact that an activator of Figure 5 . Inhibition of the redox-sensitive transcription factor NF-nB by melatonin and NAC. A, treatment during 48 hours with 1 mmol/L melatonin abolishes NF-nB, but not AP-1, constitutive activation in C6 glioma cells. DNA binding of the transcription factors was evaluated by EMSA. B, inhibition of cell growth by the NF-nB inhibitor parthenolide after 48 hours of incubation evaluated by trypan blue cell number count. *, P < 0.05, versus control. C, the antioxidant NAC, but not Trolox, also inhibits NF-nB DNA binding after treatment during 48 hours. D, intracellular pathways that could be implicated in NF-nB activation in C6 glioma cells. The activity of RTKs induces an increase in NF-nB activity by modulating MAPK and PI3K/Akt pathways or by activating PKC.
PKC partially prevents the antiproliferative effect of melatonin suggests that PKC inhibition by this hormone also mediates, at least in part, melatonin antitumoral action. The present results also indicate that Akt phosphorylation is inhibited by melatonin, the Akt pathway being likely involved in the inhibition of glioma cell growth.
Both PKC and Akt induce an increase in NF-nB DNA binding through phosphorylation of molecules involved in its activation (48, 49) . In fact, Akt overexpression in tumor cells has been related to NF-nB activation (50) . In addition, a positive correlation between Akt phosphorylation and NF-nB activation and between both of them and human glioma grade has been previously reported (41) . Bearing in mind that both RTKs and PKC may be directly activated by ROS and inactivated by antioxidants, the antioxidant effect of melatonin could prevent its constitutive activation by the increased ROS in cancer cells and, consequently, prevent Akt phosphorylation and NF-nB activation, thus decreasing cell proliferation.
In conclusion, only those antioxidants capable of decreasing intracellular free radicals were able to reduce NF-nB activation and proliferation of C6 glioma cells. In the case of melatonin, both effects may be mediated by inhibition of Akt phosphorylation. The fact that the melatonin effect is partially prevented by a PKC activator indicates that melatonin, likely through its antioxidant properties, may be avoiding the activation of PKC either directly or by inactivation of RTKs, which in turn would be responsible for the Akt and NF-nB activation and, consequently, cellular proliferation. Because prevention of the melatonin effect by the PKC activator is only partial, the RTK/PI3K/Akt/NF-nB direct pathway should be studied in depth.
